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Introduction {#sec001}
============

Diabetic nephropathy (DN) is one of the most common and serious microvascular complications of diabetes mellitus (DM) \[[@pone.0151986.ref001]\]. Pathological characteristics of DN are basement membrane thickening, renal tubal epithelial-mesenchymal transition (EMT), extracellular matrix (ECM) accumulation, glomerulosclerosis and tubulointerstitial fibrosis (TIF), eventually leading to irreversible renal damage \[[@pone.0151986.ref002]--[@pone.0151986.ref005]\]. The pathogenesis of DN remains unclear and the current treatments have limited effectiveness \[[@pone.0151986.ref006]\]. Thus, in order to develop new effective therapeutic measures for DN, it is necessary to further investigate its molecular mechanisms.

EMT is a process by which epithelial cells lose their orientation and cell-cell contact, and acquire migratory and invasive properties of mesenchymal cells. Transforming growth factor-β1 (TGF-β1) is known as a key mediator of fibrogenesis, which induces and regulates the EMT, ECM accumulation and TIF progression by the TGF-β1/Smad signaling pathway in DN \[[@pone.0151986.ref007]--[@pone.0151986.ref010]\]. Nuclear transcription co-repressor Ski-related novel protein N (SnoN) is one of the most important factors that negatively regulate the TGF-β1/Smad signaling pathway. SnoN associates with Smads to block the transduction of TGF-β1 signaling and inhibit the transcriptional activation of TGF-β1 responsive genes \[[@pone.0151986.ref011], [@pone.0151986.ref012]\]. In order to counteract inhibition of transcription by SnoN, TGF-β1/Smad signaling induces the degradation of SnoN by the ubiquitin-proteasome pathway (UUP) \[[@pone.0151986.ref013], [@pone.0151986.ref014]\]. Arkadia is a member of the RING finger ubiquitin ligase superfamily that promotes activation of the TGF-β1 signaling pathway. Upon activation of TGF-β1 signaling, Arkadia binds to phosphorylated Smad2/3 (p-Smad2/3) and induces degradation of Smad7 and SnoN/Ski, enabling transcription of TGF-β1 target genes \[[@pone.0151986.ref015]--[@pone.0151986.ref019]\].

Oxymatrine (OM) is an herbal product derived from the root of Sophora flavescens Ait. OM has a tetracyclic quinolizine structure ([Fig 1](#pone.0151986.g001){ref-type="fig"}), and its molecular formula is C15H24N2O. OM is reported to have anti-inflammatory, anti-oxidative, anti-viral, anti-fibrotic and immunological regulation effects \[[@pone.0151986.ref020], [@pone.0151986.ref021]\]. In recent years, OM has been used in China for the treatment of various human illnesses such as hepatitis B infections and liver fibrosis \[[@pone.0151986.ref022]--[@pone.0151986.ref025]\]. Previous studies have demonstrated that OM had an anti-fibrotic effect on liver fibrosis, pulmonary fibrosis, myocardial fibrosis and skin scar tissue fibrosis via inhibition of the TGF-β/Smad signaling pathway \[[@pone.0151986.ref026]--[@pone.0151986.ref031]\]. However, the molecular mechanism underlying its pharmacological effects and whether OM can protect against renal fibrosis in DN remains unclear.

![The chemical structure of OM.](pone.0151986.g001){#pone.0151986.g001}

Thus, this study aimed to investigate whether OM inhibited EMT induced by high glucose in normal rat renal tubular epithelial cells (NRK52Es) in vitro and identify the potential molecular mechanisms in order to provide important experimental evidence to support the use of OM in the prevention and treatment of DN.

Materials and Methods {#sec002}
=====================

Cell Culture, Treatment, and Transient Transfection {#sec003}
---------------------------------------------------

The well-characterized NRK52Es were provided by Professor Limin Lu, Fudan University, China, who purchased the cells from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). NRK52Es were cultured in low-glucose Dulbecco\'s modified eagle medium (DMEM) with 10% fetal bovine serum (Hyclone, USA) at 37°C and 5% CO2. The cells were randomly divided into three groups: normal glucose control group (NG group, with medium containing 5.5 mmol/L glucose), high glucose treatment group (HG group, with medium containing 25 mmol/L glucose), and OM therapy group (HM group, with medium containing 25 mmol/L glucose+0.50mg/ml OM). OM was purchased from the China National Institute of Control of Pharmaceutical and Biological Products (Batch Number: 110780--201007). Cells in each group were cultured for 48 hours (h). For SnoN degradation assay, NRK52Es were transiently transfected with pFlag-SnoN expression vector and then treated for 48h (data not shown). Transient transfection of NRK52Es was transfected by Lipofectamine 2000 according to the instructions specified by the manufacturer (Invitrogen).

Immunofluorescence--laser scanning confocal microscopy (IF-LSCM) {#sec004}
----------------------------------------------------------------

NREK52Es were seeded into a 6-well plate on coverslips at a density of 1× 10^5^ cells/well and treated as above. After 48h, the cells were washed with PBS, fixed with 4% paraformaldehyde, blocked with goat serum and incubated overnight at 4°C with E-cadherin antibody (rabbit, 1:100, Santa Cruz, USA) and α-SMA antibody (mouse, 1:100, Sigma-Aldrich, USA). Then the cells were incubated for 15 minutes with FITC-labeled secondary antibody (1:50, Boster, Wuhan, China) and TRITC-labeled secondary antibody (1:50, Boster, Wuhan, China), respectively. Finally, the cells were incubated with DAPI (Boster, Wuhan, China) for 10 minutes. Accordingly, the cellular E-cadherin and α-SMA expression was quantitatively analyzed by laser scanning confocal microscope (Olympus FV1000, Olympus, Japan).

Western blotting {#sec005}
----------------

Total proteins were extracted by lysing the cells in RIPA buffer (Kaiji, Shanghai, China), and protein concentration was determined by Bradford assay. Whole cell extracts were boiled in SDS sample buffer \[125 mmol/L Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 100 mmol/L 2-mercaptoethanol and 0.02% bromophenol blue\], and denatured proteins were separated by SDS-PAGE. The proteins were transferred onto a PVDF membrane (Millipore, Billerica, USA) and then the membranes were blocked in TBS-T buffer containing 5% non-fat dry milk, and probed with primary E-cadherin antibody (rabbit, 1:400, Santa Cruz, USA), α-SMA antibody (mouse, 1:400, Sigma-Aldrich, USA), FN antibody (goat, 1:150, Santa Cruz, USA), TGF-β1 antibody (mouse, 1:200, Santa Cruz, USA), ubiquitin antibody (mouse, 1:700, Santa Cruz, USA), SnoN antibody (goat, 1:300, Santa Cruz, USA), Arkadia antibody (rabbit, 1:300, Santa Cruz, USA), β-actin antibody (mouse, 1:400, Santa Cruz, USA), Phospho-Smad2 (p-Smad2) antibody (Ser465/467) and Phospho-Smad3 (p-Smad3) antibody (Ser423/425) (rabbit, 1:150, Cell Signaling Technology, USA), respectively, in blocking buffer at 4°C overnight. Blots were washed with TBS-T buffer and then incubated with horseradish peroxidase-conjugated secondary antibodies (1:5000, Santa Cruz, USA) at room temperature for 60 minutes. Finally, the protein bands were detected using the enhanced chemiluminescence system and ECL Hyperfilm (Amersham, England) and exposure to X-ray film. Band intensities were quantified using Bio-Rad gel imaging system (BIO-RAD, Hercules, USA) and Quantity one 4.6 software (Bio-Rad, USA). Anti-β-actin was used as internal control.

RNA extraction and quantitative real-time PCR analysis {#sec006}
------------------------------------------------------

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, USA) according to the manufacturer's protocol. First-strand cDNA was synthesized using Takara RNA PCR kit (Baoshengwu, Dalian, China) according to the manufacturer's instructions. Gene expression levels were measured by real-time RT-PCR using SYBR Select Master Mix (BIO-RAD, Hercules, USA), and analyzed on a CFX 96^TM^ Connect Real-Time system (BIO-RAD, Hercules, USA). Primers for each gene were designed by DNA man software and synthesized by Generay Biotech Co., Ltd. (Shanghai, China). Target gene expression levels in each sample were subsequently normalized to the level of β-actin mRNA. Primers used were as follows:

TGF-β: Forward primer 5′ - GAAAGCCCTGTATTCCGTCTCC---3′, Reverse primer 5′ - GCAACAATTCCTGGCGTTACCT-3′.

SnoN: Forward primer 5′ - GCTTTACTGCGGCCACGAACTT---3′, Reverse primer 5′ - AGGGAGCGTCGGGCTGAACATA---3′.

Arkadia: Forward primer 5′ - CCTCACATCCGTTACATTTCTT---3′, Reverse primer 5′ - CTCCACGATTGACATTTCCTA---3′.

β-actin: Forward primer 5′ - ACCACCATGTACCCAGGCAT---3′, Reverse primer 5′ - CCGGACTCATCGTACTCCTG---3′.

Immunoprecipitation {#sec007}
-------------------

According to the manufacture's instructions and as described in Ref. \[[@pone.0151986.ref032]\], Cells were lysed for 30 min on ice in lysis buffer (1% Triton X-100, 50 mM TrisHCl, pH7.5, 1 mM EDTA, 150 mM NaCl, 10% glycerol and protease inhibitors). The lysates were centrifuged at 15000 g for 15 min at 4°C and the supernatant was collected. Anti-Flag antibody (mouse, Sigma, USA) was added to the supernatant and incubated for 3 h with rotation at 4°C. Then, the immunecomplex was precipitated with protein A/G-sepharose beads (Santa Cruz, USA) and used for SnoN ubiquitination assay.

In vitro SnoN Ubiquitination Assay {#sec008}
----------------------------------

SnoN ubiquitination activity in NRK52Es was detected by an in vitro assay using exogenous Flag-tagged SnoN protein as substrate, as described elsewhere \[[@pone.0151986.ref033],[@pone.0151986.ref034]\]. NRK52Es were transfected with Flag-tagged SnoN expression vector. Cell lysates from NG, HG or HM group NRK52Es (100 μg) were incubated with 6 μl of immunoprecipitated Flag-tagged SnoN protein and 100 μl ubiquitination mixture \[10 mM Tris-HCl pH 7.6 and 2 mM MgCl~2~, 2 mM dithiothreitol, 100 μM ubiquitin aldehyde, 10 mM phosphocreatinine, 0.28 units/ml phospho-creatinine kinase, 1× protease inhibitor mix, 1× proteasome inhibitormix (Enzo Life Sciences, USA), 1 μM E1 enzyme (Ube1, Enzo Life Sciences, USA), 10 μM E2 enzyme (UbcH5b, Enzo Life Sciences, USA), 1 μM Hdm2 (Enzo Life Sciences, USA), and 10 μM peptide\] for 1.5 h at 37°C. After incubation, the reactions were boiled in SDS sample buffer for 5 min, followed by Western blotting with anti-ubiquitin antibody.

Statistical analysis {#sec009}
--------------------

Each experiment was performed at least in triplicate. Data are expressed as mean ± SD. Statistical analyses were performed using SPSS 19.0 statistics software(SPSS, Chicago, IL). One-way ANOVA and Student's Newman-Keuls test for comparisons were used to determine differences between control and experimental groups. Student\'s t-test was performed for paired samples. p \< 0.05 was considered statistically significant.

Results {#sec010}
=======

Effect of OM on high glucose-induced renal tubular EMT {#sec011}
------------------------------------------------------

To evaluate the effect of OM on NRK52Es, we have performed several experiments under normal glucose and high glucose conditions, including MTT assay, dose-dependent and time-dependent trials, and confirmed that a dose of 0.50ug/ul for 48h was unlikely to exert significant toxic effect on cells but had significant effects on key indicators \[[@pone.0151986.ref035]\]. Therefore, 0.50 mg/ml OM was used in the subsequent tests. To determine whether OM affected related EMT marker expression levels, E-cadherin, a marker for epithelial cells, and α-SMA, a marker for mesenchymal cells, were examined by IF-LSCM and western blotting, which showed that E-cadherin was significantly reduced and α-SMA was markedly increased in the HG group as compared to the NG group. After the cells were treated with 0.50mg/mL OM in high glucose condition, OM obviously upregulated E-cadherin expression and downregulated α-SMA expression (Figs [2A, 2B, 2C](#pone.0151986.g002){ref-type="fig"} and [3](#pone.0151986.g003){ref-type="fig"}). Taken together, these results demonstrated that OM could reverse the EMT induced by high glucose.

![Effect of OM on E-cadherin and α-SMA expression by IF-LSCM.\
**A,** Triple-labeled LSCM images for E-cadherin (green), α-SMA (red) and nucleus (blue) of NRK52Es. The merged fluorescent images of E-cadherin, α-SMA and nucleus showed that E-cadherin (green) was distributed throughout the cytoplasm and α-SMA (red) was most prominent at the cytoplasmic membrane. The images of NG, HG and HM are at the same magnification. B, Relative Fluorescence Intensity (%) analysis demonstrated that the expression of E-cadherin was significantly decreased in the HG group as compared to the NG group (\*P\<0.05), but as compared to the HG group, the expression of E-cadherin was significantly increased in the HM group (\#P\<0.05). C, Relative Fluorescence Intensity (%) analysis demonstrated that the α-SMA expression was markedly increased in the HG group as compared to the NG group (\*P\<0.05), but as compared to the HG group, the expression of α-SMA was markedly decreased in the HM group (\#P\<0.05). Notes: NG, normal glucose control group; HG, high glucose group; HM, high glucose + OM group.](pone.0151986.g002){#pone.0151986.g002}

![Effect of OM on the expression of E-cadherin, α-SMA and FN proteins by western blotting in each NRK52E group.\
The expression level of E-cadherin was significantly decreased whereas α-SMA and FN were markedly increased in the HG group as compared to the NG group (\*P\<0.05). The expression of E-cadherin was significantly increased while α-SMA and FN were significantly decreased in the HM group as compared to the HG group (\#P\<0.05).](pone.0151986.g003){#pone.0151986.g003}

Effect of OM on fibronectin (FN) in NRK52Es stimulated by high glucose {#sec012}
----------------------------------------------------------------------

One key feature of DN was the accumulation of ECM proteins such as FN \[[@pone.0151986.ref036]\]. EMT mainly led to the deposition of ECM and renal fibrosis. To confirm whether OM affected ECM expression, we examined the expression of FN by western blotting, which showed that FN was significantly increased in the HG group as compared to the NG group. After the cells were treated with 0.50mg/mL OM in high glucose condition, the expression of FN was significantly decreased in the HM group as compared to the HG group ([Fig 3](#pone.0151986.g003){ref-type="fig"}). The results suggested that OM can alleviate the excessive deposition of FN induced by high glucose.

Effect of OM on the expression of TGF-β1 and SnoN in NRK52Es stimulated by high glucose {#sec013}
---------------------------------------------------------------------------------------

The TGF-β1/smads signaling pathway plays an important role in EMT. SnoN inhibited TGF-β1/smads signaling pathway in DN, suggesting that SnoN has an antagonistic effect on EMT \[[@pone.0151986.ref037]\]. To determine whether OM affects the TGF-β1/smad signaling pathway in NRK52Es stimulated by high glucose and investigate the probable molecular mechanisms, we used western blotting and real-time PCR to examine the protein and mRNA expression of TGF-β1 and SnoN. Western blotting showed that the protein level of TGF-β1 was significantly increased and SnoN was significantly decreased in the HG group as compared to the NG group. Meanwhile, the protein expression of TGF-β1 and SnoN was significantly decreased in the HM group as compared to the HG group ([Fig 4A](#pone.0151986.g004){ref-type="fig"}). Real-time PCR results showed that TGF-β1 and SnoN mRNA levels were remarkably increased in the HG group as compared to the NG group. In the HM group, OM could decrease TGF-β1 mRNA expression induced by high glucose but did not affect the SnoN mRNA level as compared to the HG group ([Fig 4B and 4C](#pone.0151986.g004){ref-type="fig"}). Interestingly, the protein and mRNA levels of SnoN were in conflict in high glucose stimulated NRK52Es, which implied that high glucose-induced downregulation of SnoN expression was not caused primarily by an alteration at gene transcriptional level but probably resulted from an enhanced protein ubiquitin-dependent degradation. Taken together, these results demonstrated that OM could reverse the EMT induced by high glucose via downregulating TGF-β1 expression and upregulating SnoN expression.

![Effect of OM on TGF-β1 and SnoN expression by western blotting, real-time PCR and in vitro SnoN ubiquitination assay.\
**A,** Western blotting demonstrated that the expression level of TGF-β1 protein was markedly increased and SnoN was significantly decreased in the HG group as compared to the NG group (\*P\<0.05). The expression of TGF-β1 protein was significantly decreased while SnoN protein was significantly increased in the HM group as compared to the HG group (\#P\<0.05). **B,** Real-time PCR demonstrated that the mRNA expression level of TGF-β1 was consistent with its protein expression level in each group (\*P \< 0.05, \#P\<0.05). **C,** Real-time PCR demonstrated that the mRNA expression level of SnoN mRNA expression level was consistent with its protein expression level in the NG and HM groups (\*P\<0.05), whereas SnoN mRNA expression was significantly increased as compared to its protein level in the HG group (\*P\<0.05). **D,** In vitro SnoN ubiquitination assay demonstrated that SnoN was intensively poly-ubiquitinated in the HG group. The poly-ubiquitination of SnoN was significantly decreased in the HM group compared with the HG group.](pone.0151986.g004){#pone.0151986.g004}

To determine whether high glucose promotes SnoN degradation via a ubiquitination- and proteasome-dependent pathway and whether OM upregulates SnoN expression via attenuating high glucose-induced ubiquitin-dependent degradation of SnoN protein in NRK52Es, we performed an in vitro SnoN ubiquitination assay. The results showed that smeared band of the poly-ubiquitinated SnoN was markedly increased in the HG group as compared to the NG group. Meanwhile, the poly-ubiquitination of SnoN was significantly decreased in the HM group as compared to the HG group, suggesting that OM attenuates the high glucose-induced ubiquitin-dependent degradation of SnoN protein ([Fig 4D](#pone.0151986.g004){ref-type="fig"}).

Effect of OM on the expression of Arkadia, p-Smad2 and p-Smad3 in NRK52Es stimulated by high glucose {#sec014}
----------------------------------------------------------------------------------------------------

Previous studies have found that Arkadia associates with SnoN proteins in their free forms, as well as when they are bound to Smad2/3 proteins \[[@pone.0151986.ref038]--[@pone.0151986.ref040]\]. There was no significant difference between the HG and HM groups in SnoN mRNA expression, which suggested that high glucose led to decreased SnoN expression perhaps through the ubiquitin-proteasome pathway (UPP) and OM upregulated SnoN expression perhaps by inhibiting ubiquitin ligase expression. To further investigate the molecular mechanisms involved in OM-inhibited EMT induced by high glucose, we determined whether OM upregulated SnoN expression by inhibiting Arkadia-mediated degradation of SnoN. Western blotting showed that OM could reverse high glucose induced high expression of Arkadia, p-Smad2 and p-Smad3 ([Fig 5A](#pone.0151986.g005){ref-type="fig"}) The results of real-time PCR showed that Arkadia was increased in the HG group as compared to the NG group, and OM significantly decreased Arkadia mRNA in the HM group as compared to the HG group ([Fig 5B](#pone.0151986.g005){ref-type="fig"}). Moreover, these results suggested that OM could inhibit the increase of Arkadia, p-Smad2 and p-Smad3 induced by high glucose and inhibit Arkadia-mediated degradation of SnoN, resulting in the increase of SnoN expression.

![Effect of OM on the expression of Arkadia, p-Smad2 and p-Smad3 by western blotting and real-time PCR.\
**A,** Western blotting demonstrated that the protein expression levels of Arkadia, p-Smad2 and p-Smad3 were markedly increased in the HG group as compared to the NG group (\*P\<0.05) whereas, the expression of these proteins was significantly decreased in the HM group as compared to the HG group (\#P\<0.05). **B,** Real-time PCR demonstrated that the mRNA expression level of Arkadia was consistent with its protein expression level in each group (\*P\<0.05, \#P\<0.05).](pone.0151986.g005){#pone.0151986.g005}

Discussion {#sec015}
==========

Tubulointerstitial fibrosis (TIF) is the principal route leading to end-stage renal failure with the development of DN, and is also a key factor to determine the extent of renal function deterioration. TGF-β1, as a fundamental mediator of fibrogenesis, plays a critical role in the renal tubular EMT process by a Smad-dependent pathway, resulting in TIF \[[@pone.0151986.ref041], [@pone.0151986.ref042]\]. Smad2/3 proteins are phosphorylated by TGF-β1 receptor and mediate the intracellular signal transduction of TGF-β1. Nuclear transcriptional co-repressor SnoN is recognized as an important negative regulating factor of TGF-β1/Smad signaling pathway, which could inhibit the activation of TGF-β1 target genes and interfere with the biological effects of TGF-β1/Smad signaling pathway by interacting with the downstream Smad proteins \[[@pone.0151986.ref043]--[@pone.0151986.ref045]\]. Our previous studies and others \[[@pone.0151986.ref036], [@pone.0151986.ref046], [@pone.0151986.ref047]\] have demonstrated that the expression of TGF-β1 significantly increased, while the expression of SnoN significantly decreased in kidney tissues from DN rats and renal tubular epithelial cells cultured in high glucose, which resulted in the persistent activation of TGF-β1/Smad pathway. This activation led to the induction and promotion of EMT in renal tubular epithelial cells and the subsequent onset of TIF. Similarly, this study showed that in NRK52Es treated with high glucose, the expression of E-cadherin (a marker for epithelial cells) was significantly reduced, while the expression of α-SMA (a marker for mesenchymal cells) and FN (an important component of ECM) was significantly increased, the mRNA and protein levels of TGF-β1 was remarkably increased, however the protein level of SnoN decreased dramatically. These results suggested that high glucose induced and promoted EMT by elevating the expression of TGF-β1 and reducing the expression of SnoN. Notably, increased TGF-β1 stimulates SnoN transcription \[[@pone.0151986.ref012], [@pone.0151986.ref048]\]. In our study, high glucose promoted the protein level of SnoN upregulation while the mRNA level downregulation, which implies that the expression of SnoN was regulated at the post-transcriptional level, including protein ubiquitination degradation. Furthermore, we performed in vitro SnoN ubiquitination assay and found that high glucose promoted markedly poly-ubiquitinated of SnoN.

As important regulators, ubiquitin ligases modulate signaling pathways. Arkadia is a member of the RING finger ubiquitin ligase superfamily that promotes activation of the TGF-β1 signaling pathway. Once TGF-β1 signaling is activated, Arkadia binds to p-Smad2/3 \[[@pone.0151986.ref015]--[@pone.0151986.ref017]\] and induces degradation of the SnoN/Ski repressors \[[@pone.0151986.ref015], [@pone.0151986.ref016], [@pone.0151986.ref019]\], enabling transcription of TGF-β target genes. In our study, the expression of Arkadia, p-Smad2 and p-Smad3 significantly increased in NRK52Es treated with high glucose, demonstrating that increased Arkadia promotes the ubiquitin-mediated degradation of SnoN protein mediated by p-Smad2/Smad3.

OM is a traditional Chinese herbal product. As the main active component of matrine alkaloid, OM has multiple pharmacological effects and functions. OM could attenuate liver fibrosis, pulmonary fibrosis, myocardial fibrosis and skin scar tissue fibrosis via inhibiting TGF-β1/Smad signaling pathway. However, it is not known whether OM can attenuate renal fibrosis in the development of DN. Our findings showed that OM could reverse the remarkable decrease of E-cadherin and SnoN and significantly increase α-SMA, FN, TGF-β1, Arkadia, p-Smad2 and p-Smad3 and remarkly attenuate the ubiquitin-dependent degradation of SnoN induced by high glucose, which indicates that OM can inhibit EMT induced by high glucose via inhibiting TGF-β1/Smad signaling pathway by reducing ubiquitin-dependent degradation of SnoN.

Conclusion {#sec016}
==========

Our results demonstrated that OM can inhibit the high glucose-induced renal tubal EMT by reducing the degradation of SnoN mediated by Arkadia and inhibiting activation of the TGF-β1/Smad signaling pathway. Thus, OM may be an effective therapeutic drug and SnoN may be a potential therapeutic target for the treatment of DN.

We thank Prof. Limin Lu for providing NRK52Es.
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